Liquid chromatography mass spectrometry and multivariate analysis were employed to investigate the correlation between fermentation time-dependent metabolite changes in cheonggukjang, a traditional fermented soybean product, and changes in its antioxidant activity over 72 h. The metabolite patterns were clearly distinguished not by strains but by fermentation time, into patterns I (0-12 h), II (12-24 h), and III (24-72 h), which appeared as distinct clusters on principal component analysis. The compounds that significantly contributed to patterns I, II, and III were soyasaponins, isoflavonoid derivatives, and isoflavonoid aglycons respectively. Partial least square analysis for metabolite to antioxidant effects showed correlations between the ferric reducing/antioxidant power (FRAP) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay during 24-36 h, and 2,2 0 -azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) test and total phenol content (TPC) during 36-72 h. Compared with the strong negative correlations of glucosylated-isoflavonoids with DPPH, ABTS and TPC during fermentation, the isoflavonoid aglycon displayed strong positive correlations with these compounds during fermentation.
In Asian and Western countries, traditional soy foods are consumed frequently in many forms, including soy milk, soy beverages, tofu, natto, and miso. Various soybean fermentation products made in Korea such as cheonggukjang (fast-fermented bean paste), doenjang (soybean paste), kochujang (fermented red pepper), and ganjang (soy sauce) are produced by processing soybeans with certain microorganisms. 1, 2) In order to understand better the complex processes that occur during the production of fermentation products, integrated tools are needed to define the metabolic phenotype. With the rapid progress of fermentation between soybeans and microorganisms, metabolomics is used to identify differences in metabolite composition and to determine the effects of quality control and classification.
3) Metabolite profiling, one of the metabolomics tools used to analyze metabolites in an unbiased manner, is an untargeted analytical technique used in chemical pattern recognition analysis and the identification of selected metabolites from crude metabolite mixture samples. 4) Recently, metabolomic analysis methods have been established for soybean paste, 5) soy sauce, 6) and cheonggukjang (CGJ). 7, 8) These approaches involve a wide spectrum of technologies including GC-MS and NMR. These previous profiling studies targeted only general nutritional factors, such as amino acids, organic acids, and sugars and few studies has conducted functional metabolite profiling. CGJ contains many useful phytochemicals and beneficial effects such as antioxidative, 9, 10) anti-tumor, 11) anti-diabetic, 12) and thrombolytic activity. 13) Liquid chromatography-mass spectrometry (LC-MS) has been found to be very suitable for recognizing a variety metabolite patterns and characterizing fermented foods. 14, 15) Recently, metabolic profiling tools have been combined with bioactivity analysis to identify metabolites that significantly contribute to the functional properties of extracts. However, even though there have been several reports on the relationship between metabolites and bioactivity in soybean and its fermentation product, 10, 16) no study has directly examined changes in the CGJ metabolite profile as a function of fermentation time and looked for correlations with bioactivities. Hence, in this study, we examined and identified correlations between metabolite profiles and antioxidant effects using LC-MS/MS with the goal of obtaining basic data on the processing conditions for CGJ fermentation.
Materials and Methods
Chemicals and reagents. DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,2 0 -azinobis (3-ethylbenzothiazoline-6-sulfonic acid)) diay To whom correspondence should be addressed. Tel: +82-2-2049-6177; Fax: +82-2-455-4291; E-mail:chlee123@konkuk.ac.kr Abbreviations: FRAP, ferric reducing/antioxidant power; DPPH, 2,2-diphenyl-1-picrylhydrazyl; ABTS, 2,2 0 -azinobis (3-ethylbenzothiazoline-6-sulfonic acid); TPC, total phenol content; LC-MS, liquid chromatography-mass spectrometry; DDS, data-dependent scanning; CID, collision-induced dissociation; XCMS, acronym for various forms (X) of chromatography mass spectrometry; PCA, principal component analysis; PLS, partial least square; PLS-DA, partial least squares discriminant analysis; ANOVA, analysis of variance; MANOVA, multivariate analysis of variance; VIP, variable importance in projection; DDMP, 2,3-dihydro-2,5-dihydroxy-6-methyl-4H-pyran-4-one mmonium salt, Ferrozin (5,6-diphenyl-3-(2-pyridyl)-1,2,4-triazine-4 0 ,4 00 -disulfonic acid), NaOH, sodium carbonate, gallic acid, Folin Ciocalteu's phenol reagent, potassium persulfate, dimethyl sulfoxide, p-nitrophenol--D-glucopyranoside (pNP-Glc), p-nitrophenol (pNP), and formic acid were obtained from Sigma Chemical. (St. Louis, MO). Acetonitrile and water used in LC-MS were from Fisher Scientific (Pittsburgh, PA), and were of HPLC grade. Ethanol for extraction was from Duksan Chemical (Ansan, Korea). Seven standards, with purities >98%, including daidzin, glycitin, genistein, dadidzein, soyasaponon I, II, and IV were from Sigma and Chromadex (Santa Ana, CA).
Preparation and extraction of CGJ. Cheonggukjang (CGJ) were given by from the Korea Food Research Institutes (Sungnam, Korea). Three types of CGJ were generated and cooked whole soybeans were inoculated with Bacillus licheniformis KCCM 11053P, 11054P, and B. amyliquefaciens CH86-1, 17) are the most widely used bacilli for fermented soy foods, and were fermented at 42 C for 0, 12, 24, 36, 48, 60, and 72 h. Finally, each CGJ samples (1 g dried powder) were mixed with 50 mL of ethanol/water (40:60, v/v) at 25 C with shaking at 150 rpm for 1 h. The mixture was centrifuged at 5,000 rpm for 10 min at 25 C and then evaporated in vacuo. The extract obtained was filtered through a 0.22-mm filter and used for metabolite profiling analysis and evaluating antioxidant activity.
LC-ESI/MS conditions for metabolite profiling. The LC-MS/MS instrument consisted of a 212-LC Binary Solvent Delivery System, and a ProstarÔ 410 AutoSampler, a ProstarÔ 335 photodiode array detector, which was coupled to the Varian 500-MS ion-trap mass spectrometer equipped with an electrospray interface from Varian Technologies (Palo Alto, CA). Chromatographic separation was performed in a 100 Â 2:0 mm i.d., 3 mm PurSuit XRs C18 column (Varian, Lake Forest, CA) with a MetaGuard 2.0 PurSuit XRs C18 guard column (Varian, CA) at a flow rate of 0.2 mL/min. The column was maintained at 30 C and eluted with a mobile phase that consisted of a combination of A (0.1% v/v formic acid in water) and B (0.1% v/v formic acid in acetonitrile). Samples were run with isocratic 10% B v/v for the first 2 min, increased to 40% B at 10 min, to 70% at 20 min, to 90% at 25 min and, and were maintained for 5 min, and returned to 10% B at 5 min. A 10-mL aliquot of each fraction was injected onto the HPLC system. Full scan mass spectra were recorded over a the range of m=z 100-1,000. The operating parameters in negative ion mode for the samples were as follows: spray needle voltage AE5 kV, capillary voltage 70 V, drying gas temperature 300 C, drying gas pressure as nitrogen 20 psi, nebulizer gas pressure as air 40 psi, and trap-damping gas as helium at a flow rate 0.8 mL/min. Tandem mass spectrometry analysis was conducted using scan-type turbo data-dependent scanning (DDS). The collision-induced dissociation (CID) voltage was automatically set by DDS. Data were acquired in continuous mode within a mass scan mode of 15,000 u/s. The mass scan average was set at 3 microscans (2.19 s/scan).
Data processing and multivariate analysis. LC-MS data were acquired and analyzed using MS workstation software (version 6.9, Varian, USA). The raw ( Ã .xms) files were subsequently converted into netCDF ( Ã .cdf) formats using Vx Capture software (version 2.1, Adron, Laporte, MN). After conversion, the files were subjected to preprocessing, peak extraction, retention time correction, and alignment using XCMS, an acronym for various forms (X) of chromatography mass spectrometry.
18) The XCMS parameters were input in R 2.9.0 language (www.bioconductor.org) using simple commands by the XCMS default-setting method (http://masspec.scripps.edu/xcms/ documentation.php). The resulting peak list was a text file, which was then exported to Microsoft Excel (Microsoft, Redmond, WA). A list of the peaks detected was generated using the average area, corrected retention time, and m=z data as the identifier for the peaks. The resulting data matrix containing the sample name and observation and peak area information as variables was processed by SIMCA-P software 12.0 (Umetrics, Umeå, Sweden) for multivariate statistical analysis. The datasets were auto-scaled (unit variance scaling) and log-transformed mean-centered in a column-wise fashion prior to PCA (principal component analysis) and PLS-DA (partial least squares discriminant analysis) modeling. Univariate statistics for multiple classes were computed via breakdown and unpaired Student's t-test using Excel (Microsoft). A difference of p < 0:05 was considered significant. Pair-wise metabolite-antioxidant effects correlations were calculated by Pearson's correlation coefficient test using R software.
Free-radical scavenging ability by use of a stable ABTS radical cation. The ABTS assay was conducted as described by Re et al. 19) Seven mM ABTS ammonium was dissolved in potassium phosphate buffer (pH 7.4) and then mixed with 2.45 mM of potassium persulfate. The mixture was maintained at room temperature for 12-16 h in order to allow it to turn into a dark blue solution. The solution was diluted with potassium phosphate buffer (pH 7.4) until the absorbance reached 0:7 AE 0:02 at 734 nm, which was measured using a spectrophotometer (Thermo Electron, Spectronic Genesys 6, Madison WI). One mL of the resulting solution was mixed with 10 mL of the sample and incubated for 6 min. The absorbance was then recorded at room temperature. Results were expressed in mg of trolox equivalents concentration/g of sample. The concentration of standard solutions ranged from 0.03 to 0.5 mM. Experiments were carried out in triplicate.
Determination of antioxidant activity by DPPH free-radical scavenging assay. DPPH assay was conducted as described by Dietz et al., with minor modifications. 20) Reaction mixtures containing the test samples (10 mL) and 190 mL of a 200-mM DPPH ethanol solution were incubated at room temperature for 30 min in 96-well plates. The absorbance of the DPPH free radical was measured at 515 nm using a microplate reader. Results were expressed in mg of Trolox equivalent concentration per g of samples. The concentration of the standard solutions ranged from 0.0156 to 0.0625 mM. Experiments were carried out in triplicate.
Determination of total phenolics. Total phenol content was analyzed as described by Singleton et al. 21) The assay conditions were as follows: A 10-mL sample was added to 0.2 N the Folin-Ciocalteu's phenol reagent (160 mL) in 96 wells. After 3 min, 30 mL of a saturated sodium carbonate solution was added to the mixture, which was then incubated at room temperature for 1 h. The absorbance of the resulting mixture was measured at 750 nm using a spectrophotometer (Thermo, Genesys 6). The total phenol content was calculated based on a standard curve of gallic acid. The standard solution concentrations ranged from 0.03 to 0.5 mg/mL. Results were expressed as mg of gallic acid equivalents (GAE)/g of the samples. Experiments were carried out in triplicate.
Ferric reducing/antioxidant power (FRAP) assay. The antioxidant capacity of the test samples were measured by method described by Benzie and Strain, 22) with slight modifications. A FRAP reagent (300 mL), prepared freshly and warmed to 37 C, was mixed with 10 mL of the various CGJ extracts. The absorbance was measured at 593 nm after 6 min using a microplate reader. The FRAP reagent contained 2.5 mL of a 10 mM/L TPTZ solution in 40 mM/L the HCl in distilled water, 2.5 mL of 20 mM/L FeCl 3 . 6H 2 O in distilled water, and 25 mL of 0.3 M/L acetate buffer at pH 3.6. Results were expressed in mg of Trolox equivalent concentration per g of sample. The concentration of the standard solutions ranged from 0.03 to 0.5 mM. Experiments were carried out in triplicate.
-Glucosidase activity. -Glucosidase activity in CGJ was determined by a modification of the method of Peralta et al. 19 ) CGJ (500 mg) was mixed with 3 mL of 50 mM potassium phosphate buffer (pH 6.0), shaken at 150 rpm for 1 h, and centrifuged for 10 min at 4 C at 5,000 rpm. After removal of the supernatant, 2 mL of buffer was added, and this was centrifuged again. Two supernatants were mixed, and 50 mL of samples prepared by mixing were placed in a 96 well plate. Fifty mL of working reagent was then transferred to each well (2 mM p-nitrophenyl--D-glucopyranoside (pNP-Glc)). The enzyme reaction was carried out at 50 C for 10 min, and stopped by adding 10 mL the sodium carbonate solution at a concentration of 200 mg/mL. The absorbance was then read at 405 nm. One -glucosidase unit (U) was defined as the amount of enzyme that released 1 mmol the pNG from pNPG per min. Experiments were carried out in triplicate.
Results

LC-MS/MS based metabolite comparison during the cheonggukjang fermentation time
The LC-MS spectra were used to elucidate changes in metabolites as a function of CGJ fermentation time. In the final alignment data, 734 variables in the negative mode mass spectra were used the scale to unit variance of PCA. The PCA model indicated that the samples were clearly separated into three clusters based on fermentation time, cooked soybean (0 h) cluster, 12 h fermented CGJ cluster, and 24 to 72 h fermented CGJ cluster but not by the three microorganism strains, Bacillus licheniformis KCCM 11053P, 11054P, and B. amyliquefaciens CH86-1 (Fig. 1) . In the score plot, 66.4% of the statistical values in the metabolite data were explained by the first two dimensions. As shown in Fig. 1 , pattern I (fermentation 0 h) was clearly distinguished from the 12 h fermented CGJ, and pattern II (fermentation 12 h) was distinguished from the 24-72 h fermentation cluster. Also, pattern III indicates that a continually dynamic response occurred up to the final fermentation phase from 24 h to 72 h. In order to determine significant differences within these patterns, the different variables within a pattern were analyzed using a threshold of 1.0 on the variable importance in projection (VIP) test and a t-test for independent samples. Based on this analysis, 33 compounds were selected as major features of the three patterns, and were further analyzed by LC-MS/MS (data not shown) based on retention time, UV spectrum, and MS n fragmentation pattern. The compounds were then identified using our in house library of MS/MS spectra data for different compounds 23) and standard compounds for spectral annotation. In the case of pattern I, 13 metabolites showed significant differences based on their p-value statistics (p < 0:05) (Table 1A) . A list of important markers detected at 0 h (cooked soybean) were significantly related to isoflavonoid derivatives, which appeared to be glucose (daidzin, glycitin, and genistin) and acetyl groups in the attached form (6 00 -Oacetyldaidzin and 6 00 -O-acetylgenistin), and soyasaponin A3. On the other hand, the major metabolites in the 12-h samples were soyasaponin groups (soyasaponin I, II, IV, and Bg), isoflavonoids such as genistein and its derivatives, with attached malonyl groups (6 00 -Omalonylglycitin). The metabolites found in the 12-h CGJ group were isoflavonoid derivatives, as was observed for cooked soybean, whereas organic acids, isoflavonoid aglycone, and 6 00 -O-acetylglycitin were found in the 24-h CGJ group (Table 1B) . To visualize metabolite differences between the samples, a heat map representing the metabolic changes in all identified metabolites due to fermentation time was established (Fig. 2) . The heat map revealed clustering of the different patterns based on metabolite levels in a time-dependent manner. The dendrogram shows relationships based on abundance levels for patterns I, II, and III during fermentation. The soyasaponin groups were found to be the primary response to abundance levels with box and whisker in pattern I within the initial fermentation time point, and no observable change in the level of these compounds was observed at 12 h (Fig. 3A) . The isoflavonoid aglycone groups significantly increased during a fermentation time of 12 to 24 h (Fig. 3B ). In the pattern-III analysis of the heat map, isoflavonoid derivatives and some organic acids decreased or increased to the final CGJ fermentation phase (Fig. 3C) .
Effects of radical scavenging activities and total phenolics in cheonggukjang fermentation
Three antioxidant activities, trolox equivalent antioxidant capacity (FRAP, ABTS) and free radical-scavenging activity (DPPH), and gallic acid equivalent total phenolic content (TPC), were used as measures of the bioactivity of the CGJ-fermented samples (Fig. 4A) . The antioxidant capacity on ABTS assay steadily increased in a range from 1.3 to 2.4 mg trolox equivalent/g of CGJ, and the TPC also increased, in a range from 0.6 to 2.2 mg gallic acid equivalent/g of CGJ with significant differences as assessed by MANOVA (multivariate analysis of variance) (p < 0:05) during the fermentation process. ABTS and TPC activity reached maximum levels at a fermentation time of 72 h, 1.7-and 3.7-fold higher than the cooked soybeans. In the DPPH radical-scavenging activity assay, the 36-h fermented sample exhibited the greatest activity (22.3%), and the activity slightly decreased after 36 h of fermentation (14.3%), still greater than the activity of the cooked soybeans (7.8%). However, FRAP activity did not change significantly as a function of CGJ fermentation time. Finally, the radical-scavenging activities increased with increasing fermentation time. These results indicate that fermentation time contributed to the antioxidant effects. In order to correlate these relationships more precisely, linear regression analysis (partial least square, PLS) was performed using the degree of overfit for model validation. 24, 25) The optimum model dimensionality was then used to select two PLS components accounting for R 2 X (cum): 0.842, R 2 Y (cum): 0.552, and Q 2 (cum): 0.49 ( Fig. 4B and C) . In the score plots (Fig. 4B) , the metabolites and their antioxidant activities were highly correlated as between 24 h and 72 h e In-house library using MS/MS spectra.
23)
f Standard compounds fermented CGJ loaded on LV1. The correlated candidates were used to detect the dataset of variables on the right using the PLS regression coefficients on the loading plot of PLS analysis (Fig. 4C) .
Correlation between anti-oxidative activities and metabolite changes in cheonggukjang fermentation Table S1 (Supplemental Table S1 ; see Biosci. Biotechnol. Biochem. Web site) summarizes the correlations between the major metabolites identified and their antioxidant values and phenol contents as a function of CGJ fermentation time. The relatively weak correlation (Pearson's correlation coefficient r < 0:80) on FRAP assay vs. the metabolites was not statistically significant (p > 0:05). The saponin levels during CGJ fermentation were weakly correlated with scavengeing ABTS, FRAP, DPPH, and TPC (Pearson's correlation coefficient r < AE0:65, p < 0:05) except for soyasaponin V, which showed a slight positive correlation with FRAP and DPPH. Among the metabolite-to-antioxidant effects of the correlation pairs, a highly positive or negative correlation was observed for ABTS, DPPH, and TPC versus the metabolites (Pearson's correlation coefficient r > AE0:85, p < 0:05) as network (Fig. 5) . Of the metabolites identified, isoflavonoid aglycones (daidzein and genistein), and isoflavonoid derivatives (quercetintri-O--glucopyranoside, 6
00 -O-acetylglycitin, and 6 00 -Omalonylglycitin) were strongly positively correlated with ABTS, DPPH, and TPC. The organic acids, including glutamic acid and histidine, were also strongly correlated, but, the glycosylated isoflavonoids, 6
00 -O-acetyldaidzin, 6 00 -O-acetylgenistin, and soyasaponin Bg, were very strongly negatively correlated with ABTS, DPPH, and TPC.
-Glucosidase activity in cheonggukjang fermentation To identify any patterns between the correlation analysis and metabolite profiling analysis, -glucosidase activity was determined in fermented CGJ. Generally, -glucosidase is associated with the conversion of isoflavones in soybean. 26) During fermentation, -glucosidase activity increased significantly up to a fermentation time of 12 h, and was saturated after 36 h of fermentation as assessed by ANOVA (p < 0:05) (Fig. 6A) . The correlation coefficients were calculated based on the -glucosidase activity versus peak area of the three isoflavonoid aglycones during CGJ fermentation, which were highly correlated with daidzein (Pearson's correlation coefficient, r ¼ 0:88), glycitein (Pearson's correlation coefficient, r ¼ 0:90) and genistein (Pearson's correlation coefficient, r ¼ 0:92) (Fig. 6B) . In addition, the isoflavone aglycone composition during fermentation (p < 0:05) varied significantly, and this pattern was similar to that observed for -glucosidase activity.
Discussion
In this study, we investigated metabolite changes during CGJ fermentation and assessed the effects of changes in the metabolic profile on antioxidant activity. The levels of the isoflavonoid aglycone and the soyasa- ponins increased in pattern I and II, whereas acetyland glycosylated-isoflavonoid derivatives decreased significantly (p < 0:05) in pattern III. Generally, isoflavones are found in soybeans, and their glucoside forms are present in high amounts. 27) However, the concentration of isoflavones in soy foods have been reported to change depending on processing factors such as cooking, heating, and fermentation. 28, 29) As found in the present study, the amount of isoflavone aglycones tended to increase during fermentation into soybean products. 11, 27, 30) CGJ fermentation is a non-thermal process in which chemical changes are caused by enzymes produced by Bacillus sp, the main microorganism in CGJ. The Bacillus species typically used for this type of fermentation include B. subtilis, B. pumilus, and B. lichemiformis, and the distribution of isoflavonoids was previously found to depend slightly on the strains inoculated. 31, 32) Typically, phenolics are found in conjugated forms of at least two phenol subunits or in hydroxyl groups with sugar and glycosides in foods. 33) It has been suggested that the phenolic content account for the health benefits. The total phenolic contents increased most at the end of the CGJ fermentation time. Hence, deglycosylation of CGJ isoflavone glucosides and total phenolics are converted into aglycones through microbial -glucosidase activity due to changes in the fermentation process from cooked soybean, where soybean that is not cooked contains -glucosidase activity. 32, 34, 35) Similarly, to understand these results further, the activity of -glucosidase should be evaluated to determine its effect on total isoflavones aglycones after 36 h the CGJ. In addition, soybeans contain approximately 5 $ 6% soyasapoins, which belong to a class of triterpeniod glycosides such as polyphenols and are divided into two major groups,: soyasaponin A and B groups in combination with sugar moiety.
36)
Soyasaponin group A is acetylated saponins, which have an undesirable bitter and astringent taste. The contents of soyasaponin A3 were remarkably decreased within 12 h of fermentation. Thus, after this fermentation period, there was a slight decrease in the bitter taste. However, the content of the group B saponins (soyasaponins I, II, and IV), including 2,3-dihydro-2,5-dihydroxy-6-methyl-4H-pyran-4-one (DDMP), increased during CGJ fermentation, which has several positive health benefits due to the presence of conjugated DDMP. 37, 38) The change in phenolic content including isoflavones and isoflavone derivatives depends on the fermentation process, which might have an influence on physiological activity. For example, radical-scavenging activities increase with increasing CGJ fermentation time as previously determined. 9, 39, 40) The antioxidant effects appeared to show a strong positive correlation with the isoflavone aglycones during fermentation. In addition, in glutamic acid and histidine, in which catabolism of histidine leads to the production glutamic acid, His containing peptides have been also reported to display antioxidative activity. 16, 41) Moreover, soyasaponins, which were present at slightly low or high levels in the CGJ fermentation products, may be affected by a different sugar moiety of DDMP, which has scavenging superoxide activity. 42) As explained above, a combination of these metabolites during CGJ fermentation might produce different bioavailability. This is the first study to indicate a correlation between antioxidant effects and metabolites during CGJ fermentation time. Metabolite profiling by LC-MS/MS was found to be a method of assessing and optimizing CGJ fermentation processes.
